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Background: Genotypic resistance testing (GRT) is routinely performed upon diagnosis of HIV-1 infection or dur-
ing virological failure using plasma viral RNA. An alternative source for GRT could be cellular HIV-1 DNA. 

Objectives: A substantial number of participants in the Swiss HIV Cohort Study (SHCS) never received GRT. We 
applied a method that enables access to the near full-length proviral HIV-1 genome without requiring detect-
able viraemia. 

Methods: Nine hundred and sixty-two PBMC specimens were received. Our two-step nested PCR protocol was 
applied to generate two overlapping long-range amplicons of the HIV-1 genome, sequenced by next-generation 
sequencing (NGS) and analysed by MinVar, a pipeline to detect drug resistance mutations (DRMs). 

Results: Six hundred and eighty-one (70.8%) of the samples were successfully amplified, sequenced and ana-
lysed by MinVar. Only partial information of the pol gene was contained in 82/681 (12%), probably due to nat-
urally occurring deletions in the proviral sequence. All common HIV-1 subtypes were successfully sequenced. 
We detected at least one major DRM at high frequency (≥15%) in 331/599 (55.3%) individuals. Excluding 
APOBEC-signature (G-to-A mutation) DRMs, 145/599 (24.2%) individuals carried at least one major DRM. RT- 
inhibitor DRMs were most prevalent. The experienced time on ART was significantly longer in DRM carriers 
(P = 0.001) independent of inclusion or exclusion of APOBEC-signature DRMs. 

Conclusions: We successfully applied a reliable and efficient method to analyse near full-length HIV-1 proviral 
DNA and investigated DRMs in individuals with undetectable or low viraemia. Additionally, our data underscore 
the need for new computational tools to exclude APOBEC-related hypermutated NGS sequence reads for report-
ing DRMs.
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Introduction
After introduction of PIs and NNRTIs more than two decades ago, 
the era of combination ART (cART), incorporating several anti-
retroviral agents, has become state-of-the art treatment for peo-
ple living with HIV-1 (PLWH), diminishing mortality and morbidity, 
due to its highly efficient viral suppression in PLWH.1,2 Following 

the therapeutic innovations accompanied by systematic geno-
typic resistance testing (GRT), acquired and transmitted drug re-
sistance (ADR and TDR, respectively) has declined in the following 
two decades in many resource-rich countries.3–5

Albeit major progress in ART, switching ART regimen in PLWH is 
often necessary to improve tolerability and toxicity, adherence, 
drug interactions or virological suppression.6 For deciding if a 
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patient’s ART needs modification, and how ART is modified, stra-
tegic clinical considerations of medical history, history of previous 
virological failure and GRT results are crucial, in order to prevent 
viral replication and subsequently achieve undetectable plasma 
viral loads, since ongoing viral replication is likely to cause DRMs 
under the selective pressure of ART.7 Because emerging resistant 
viral strains can lead to TDR, hence endangering global thera-
peutic success, its monitoring on a global level remains impera-
tive. Thus, generated resistance data do not only guide 
clinicians in decision-making, furthermore, they allow epidemio-
logical analysis to understand viral evolution and spread of resist-
ance, to develop strategies, and intervene on a public health level 
by adjusting first-line and prophylactic treatment. 8

GRT in PLWH is recommended and routinely performed upon 
diagnosis of HIV infection or during episodes of viraemia follow-
ing the initiation of ART in most resource-rich countries.7,9

Usually, RT–PCR methods that require viral RNA templates, i.e. de-
tectable viral load, are utilized to obtain genotypic sequence in-
formation of the RT and protease region of the HIV-1 
genome.7,9–11 More recently, GRT in proviral DNA has been sug-
gested as an alternative to standard GRT methods in the absence 
of viraemia and/or states of low viraemia (<200 copies/mL plas-
ma).12–17

In this retrospective study, we developed a near full-length 
HIV-1 next-generation sequencing (NGS) protocol and applied it 
to PBMC samples from 962 participants of the Swiss HIV Cohort 
Study (SHCS), allowing simultaneous GRT of the clinically relevant 
protease, RT and integrase independent of ongoing viral 
replication.

Materials and methods
Study population and design
All participants were members of the nationwide SHCS, who never under-
went (protocoled) genotyping, neither at baseline nor at any other point 
during their participation in the SHCS. The most likely reason for unavail-
able sequence or GRT information was because there was either no avail-
able plasma sample from before ART or participants enrolled after 
initiation of ART. The SHCS is a scientifically multifaceted and versatile 
multicentre study founded in 1988 early in the HIV epidemic.18 All 
PBMC samples were derived from specimens collected and stored in three 
participating centres in Switzerland, namely, University Hospital Geneva, 
University Hospital Lausanne and Clinique de La Source in Lausanne.

The SHCS has been approved by the ethics committee of the partaking 
institutions: Comité départemental d’éthique des spécialités médicales et 
de médicine communautaire et de premier recours, Hôpitaux Cantonale 
de Genève (number of approval: 01-142); Commission cantonale 
d’éthique de la recherche sur l’être humain, Canton de Vaud, Lausanne 
(number of approval: 131/01291012). All participants gave written in-
formed consent.

PBMC samples and cellular DNA isolation
For each participant, the earliest available blood sample was requested 
from the SHCS biobanks, preferentially before participants had started 
ART. Specimens were delivered as PBMCs, either diluted DMSO or as dry 
cell pellets. Cellular DNA was isolated using the DNeasy Blood & Tissue 
Kit (QIAGEN) either manually, following the manufacturer’s instruc-
tions, or with the QIAcube Connect (QIAGEN). DNA concentration was 
measured using the NanoDrop 1000 spectrophotometer (Thermo 
Scientific).

HIV-1 DNA amplification and NGS
We developed the final protocol, which contains two steps of enzymatic 
amplification, by integrating elements of the established RNA targeting 
protocols by Gall et al.19 and Banin et al.20 To allow high throughput, 
we incorporated our own primer modifications and optimized PCR condi-
tions, such as magnesium concentration and cycling temperatures.

In the first step, one single near full-length HIV-1 genome, i.e. an ∼9 kb 
amplicon, was amplified. The PCR reaction contained the 2× PrimeSTAR 
Max high-fidelity DNA polymerase (Takara Bio Inc.) premix (including reac-
tion buffer, 2 mM Mg2+, each dNTP at 0.4 mM ), additional 1 mM MgCl2, 
each primer at 0.3 μM (Table S1, available as Supplementary data at JAC 
Online) and 6 μL of isolated cellular DNA (representing 10% of the isolated 
cells) in a volume of 25 μL. The PCR was performed as follows: 98°C for 10 s; 
35 cycles of 10 s at 98°C, 53°C for 15 s and 72°C for 4.5 min. Next, using 
2 μL each of the first PCR reaction, two separate nested PCRs were per-
formed to produce two overlapping amplicons. The elongation time was 
reduced to 2.5 min.

The two amplicons per sample were purified through solid-phase 
reversible immobilization using paramagnetic beads (AMPure XP kit, 
Beckman Coulter) and pooled at a concentration of 0.2 ng/μL. Library 
preparation was carried out using the Nextera XT DNA Library 
Preparation kit and Nextera Index kit (Illumina). Near full-length 
HIV-1 genomes were sequenced (2 × 151 bp paired-end reads) on 
the Illumina MiSeq platform using the MiSeq Reagent Kit v2 (300 
cycles).21

Mutation and drug resistance analysis of HIV-1 proviral 
DNA
For systematic detection of drug resistance mutations (DRMs) in the 
HIV-1 pol region, we used the MinVar software (https://github.com/ 
medvir/MinVar).22 Briefly, using Illumina sequencing reads, it determines 
the closest HIV-1 subtype reference sequence from a local database and 
modifies it to construct the consensus sequence. It identifies amino acid 
mutations with respect to HIV-1 consensus B sequence in the Los Alamos 
database.23 Using the Stanford HIV Drug Resistance Database algo-
rithm,24 MinVar ultimately generates a report about the HIV-1 subtype, 
DRMs with according frequencies, and potentially resulting drug resist-
ance. We disregarded all mutations with a frequency of <15%.

Data synthesis and modification, i.e. filtration of APOBEC-signature 
DRMs, as well as statistical analysis of the results were performed using 
RStudio (R version 4.0.3). The filtering was done through removing all 
the relevant APOBEC-related amino acid mutations from the report after 
generation of the consensus sequence. All statistical tests were two- 
sided. Besides the base R functions,25 we used functions for testing and 
visualization of the data from the following R packages: tidyverse,26 ta-
bleone,27 ggplot228 and ggpubr.29

Results
Characteristics of study population
We identified 1068 participants from the SHCS centres in Geneva 
and Lausanne, all without a record of a GRT. We received PBMC 
samples from 962 individuals. The median age of the partici-
pants, at the time of sample collection, was 40 years (Table 1). 
Three hundred and eighteen (30.1%) of the participants were fe-
male. Main ethnicities were white (610; 63.4%) and black (238; 
24.7%). Homosexual (364; 37.9%) and heterosexual contact 
(HET, 429; 44.6%) accounted for the most common routes of 
transmission, followed by injection drug use (IDU, 82; 8.5%). 
Blood samples were collected between 1995 and 2018, with a 
median year of 2007. Eighty-seven (9.4%) participants were 

Jaha et al.

2324

http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad240#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad240#supplementary-data
https://github.com/medvir/MinVar
https://github.com/medvir/MinVar


Table 1. Characteristics of participants at the time of sampling stratified by outcome of HIV-1 DNA NGS analysis

Characteristic All

Sequencing

P value TestaSuccessful Failed

N 962 681 281
Born in year, median (IQR) 1965 (1959–1975) 1965 (1958–1974) 1966 (1960–1976) 0.126 mw
Age (years), median (IQR) 40 (33–47) 40 (34–48) 38 (32–47) 0.063 t
Sex, n (%) Male 644 (66.9) 461 (67.7) 183 (65.1) 0.487 χ2

Female 318 (33.1) 220 (32.3) 98 (34.9)
Ethnicity, n (%) White 610 (63.4) 438 (64.3) 172 (61.2) 0.287 χ2

Black 238 (24.7) 161 (23.6) 77 (27.4)
Hispano-American 34 (3.5) 20 (2.9) 14 (5)
Asian 27 (2.8) 20 (2.9) 7 (2.5)
Unknown 51 (5.3) 40 (5.9) 11 (3.9)
Other 2 (0.2) 2 (0.3) 0 (0)

HIV-1 transmission group, n (%) MSM 364 (37.8) 271 (39.8) 93 (33.1) 0.099 χ2

HET 429 (44.6) 293 (43) 136 (48.4)
IDU 82 (8.5) 61 (9) 21 (7.5)
Unclear (MSM, HET, 

IDU)
33 (3.4) 24 (3.5) 9 (3.2)

Blood products 9 (0.9) 3 (0.4) 6 (2.1)
Perinatal 16 (1.7) 9 (1.3) 7 (2.5)
Unknown 20 (2.1) 14 (2.1) 6 (2.1)
Other 9 (0.9) 6 (0.9) 3 (1.1)

Year of sample collection, median (IQR) 2007 (2000, 2013) 2007 (2000, 2013) 2008 (1999, 2014) 0.622 mw
ART status (%) On-ART 842 (90.6) 625 (93.3) 217 (83.8) <0.001 χ2

Pre-ART 87 (9.4) 45 (6.7) 42 (16.2)
CD4+ T cell count/mm3 blood, median 

(IQR)
495 (325–709) 483 (314–678) 535 (348–757) 0.007 mw

CD4+ T cells (as % of lymphocytes), 
mean (SD)

26.7 (11.1) 25.6 (10.8) 29.4 (11.4) <0.001 t

Log10 of HIV-1 RNA copies/mL plasma, 
median (IQR)

0 [0–1.7] 0 [0, 1.7] 0 [0, 1.4] 0.209 mw

Time on ART (years), median (IQR) 2.5 (0.8–6.2) 2.5 (0.9–6.4) 2.3 (0.4–5.6) 0.035 mw
Year of ART initiation, median (min–max) 2002 (1988–2018) 2001 (1989–2018) 2000 (1988–2018)
HIV-1 subtype (%) (determined only in 

successfully sequenced cell samples)
A1 59 (8.6)
A2 2 (0.3)
B 443 (65.1)
C 38 (5.6)
CRF_11_cpx 3 (0.4)
CRF_14_BG 1 (0.1)
CRF01_AE 1 (0.1)
CRF02_AG 59 (8.6)
CRF06_cpx 4 (0.6)
CRF12_BF 2 (0.3)
D 5 (0.7)
F1 10 (1.5)
F2 3 (0.4)
G 24 (3.5)
Undetermined 27 (4)

PBMC samples: isolated DNA conc.(ng/ 
μL), median (IQR)

76.2 (42.1–124.3) 83.7 (47.2–131.7) 59.9 (31.6–95.8) <0.001 mw

MSM, men who have sex with men; HET, heterosexual; IDU, injection/intravenous drug use; SD, standard deviation; min, minimum; max, maximum; 
conc., concentration. 
aApplied statistical test of independence between the stratified groups with t for two-sample t-test, mw for Mann–Whitney U/Wilcoxon rank-sum, and 
χ2 for Pearson’s chi-squared. Percentages refer to the respective category only and not to the total amount of samples.
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ART naive, whereas 842 (90.6%) had already experienced ART 
and therapy status was unknown in 33 cases. ART in 
ART-experienced participants was initiated between 1988 and 
2018 (median 2002). The duration of ART experience ranged 
from 0 days to 26.3 years (median: 2.5 years). Viral load was de-
tected in 279 (29%) participants (0.7–7.7 log10 HIV-1 RNA copies/ 
mL plasma; median: 2.6 log10 copies/mL). Lowest CD4+ T cell 
count was 0 cells/mm3 blood, with the highest amounting to 
1855 cells/mm3 (mean: 529 CD4+ T cells/mm3) (Table 1).

Factors associated with successful amplification and NGS 
of HIV-1 pol DNA
Amplification and NGS of amplicon 1 including HIV-1 pol were 
successful in 681/962 (70.8%) cases. We used MinVar to deter-
mine an average (IQR) coverage of 2535 (1540–3402) per nu-
cleotide per sample. Of note, this is a result of 2 × 105 randomly 
drawn high-quality Illumina MiSeq reads per sample correspond-
ing to a coverage of the order of 104.22 Statistical analysis of par-
ticipants’ characteristics did not show any significant association 
between failure and success of sequencing regarding age, sex, 
ethnicity and HIV-1 transmission group (Table 1). Also, the age 
of the samples, i.e. the duration of sample storage, had no impact 
on the success (Table 1, Figure 1a).

We observed significant differences between successfully and 
non-successfully sequenced samples in the CD4+ T cell count/ 
mm3 (P = 0.007, Table 1) and whether the participants had re-
ceived ART or not (P < 0.001). Specimens with fewer CD4+ T cells 
had a higher chance of successful amplification (Table 1, 
Figure 1b). In addition, we observed a higher proportion of 
ART-naive participants (pre-ART) in the samples that failed com-
pared with those that succeeded in sequencing (Table 1). 
Analysing only this pre-ART group, the absolute count (per 
mm3 of blood) of the CD4+ T cells, as well as the viral load were 
compared regarding the outcome of amplification and NGS. We 
could hereby observe tendencies of lower CD4+ T cell count 
[414 (308–568) versus 492 (334–628) cells/mm3] and higher viral 
load [4.2 (2.4–5) versus 3 (1.4–4.3) log10 HIV-1 RNA copies/mL 
plasma) in successfully sequenced samples but failed to provide 
significance, most likely due to small sample size (Table S2). 
Furthermore, missing sequencing information was strongly 
linked to a lower concentration of the isolated DNA, and thus to 
lower PCR input (P < 0.001, Table 1). The median DNA isolation 
product in the successful amplification group was higher and 
amounted to 83.7 ng/μL (IQR 47.2–131.7) and 59.9 ng/μL (IQR 
31.6–95.8) in the non-successful group (Table 1, Figure 1c).

Among the analysed sequences, HIV-1 subtype B was repre-
sented with the highest prevalence (443/681; 65.1%), followed 
by HIV-1 subtypes A1 with 8.6% (59/681), CRF02_AG with 8.6% 
(59/681) and C with 5.6% (38/681). Bioinformatic analysis did 
not assign a matching HIV-1 subtype in 27 samples (Table 1). 
Prevalence of DRMs in proviral DNA MinVar reports were received 
from 599/681 (88%) samples including DRMs, polymorphisms 
and ART-unrelated mutations in the three pol genes as compared 
with the reference HIV-1 genome. The sequence read coverage 
of the remaining 82 samples revealed large deletions in pol, as 
commonly observed in HIV-1 proviral DNA (Figure S1).30,31 We in-
vestigated the prevalence of major DRMs that are listed in the 
Stanford HIV-1 database and reported by the IAS–USA.24,32

DRMs with frequencies ≥15% in pol affecting PIs, NRTIs, NNRTIs 
and integrase strand transfer inhibitors (InSTIs) were included. 
At least one DRM was detected in 331/599 (55.3%) participants 
(Table 2). There were no significant trends of harbouring any 
DRMs in terms of age, sex, transmission group, HIV-1 subtype, 
CD4+ T cell count or viral load (Table 3). Following the prevalence 
over the years, a peak in DRM prevalence in 1995 is seen, with a 
nadir in 2005. Despite variations between selected years, there 
was neither a significant absolute increase nor decrease by 
time in prevalence of any major DRM (Figure 2; P = 0.651). The re-
sults revealed an increased proportion of people with black or un-
known ethnicity in the DRM carrier group (32.7% versus 24.3%, 
P = 0.019). Further, the presence of a DRM was significantly asso-
ciated with a longer time on ART, with DRM carriers being on ART 
for a median of 2.9 years (IQR 1.1–6.8) and non-carriers for 
1.9 years (IQR 0.6–4.9) (Table 3).

The most abundant detected DRMs were: M46I (55/681; 7.8%) 
and D30N (53/681; 8.1%) for the protease; M230I (210/681; 
30.8%), M184I (181/681; 26.6%), E138K (85/681; 12.5%) and 
D67N (47/681; 6.9%) for the RT; and E138K (50/681; 7.4%) and 
G140S (37/681; 5.4%) for the integrase region (Table 3). Of 
note, all those DRMs result from G-to-A mutations in the DNA 
sequence.

We filtered out the G-to-A DRMs from the dataset, more pre-
cisely only those DRMs associated with apolipoprotein B 
mRNA-editing enzyme catalytic polypeptide 3 (APOBEC3G/F) 
and listed in the Stanford HIV-1 database (Table 2).33–35 The re-
sults were stratified in the same manner as before and are listed 
in Table 3. Of those initially labelled as DRM-carrying samples, 
145/331 (43.8%) remained labelled as mutated. Again, we did 
not see any statistically significant differences between the par-
ticipants still harbouring DRMs in age, sex, transmission group 
and HIV-1 subtype (Table 3). The prevalence course followed a 
similar shape, though on an approximately half-fold of the non- 
filtered values (Figure 2). Similarly, we found differences in the 
ethnicities (P < 0.001) and time on ART (P = 0.02; Table 3). 
Additionally, there was a significant difference found regarding 
the CD4+ T cell count [median 422.5 (IQR 252.8–650) in the 
DRM carriers versus 495 (IQR 332–681.5), P = 0.032], its percent-
age of total lymphocytes [mean 23.9 (SD 11.8) in the DRM carriers 
versus 26.2 (SD 10.5), P = 0.026] and in viral load [median 0 (IQR 
0–2.3) in the DRM carriers versus 0 (IQR 0–1.5), P = 0.02] (Table 3).

Prevalence of DRMs differs between the drug classes
After evaluation of characteristics of participants potentially con-
tributing to the presence of any DRM, we analysed each drug 
class independently. RTI DRMs with abundance ≥15% were de-
tected in 321/599 (53.7%) participants in the non-filtered and 
in 142/599 (23.7%) in the APOBEC-signature-DRM-filtered sam-
ples. NRTI and NNRTI DRMs were detected on almost equivalent 
levels in the non-filtered dataset, being present in 249/599 
(41.6%) and 255/599 (42.6%) participants, respectively. 
Simultaneous presence of NRTI and NNRTI DRMs was detected 
in 183/599 (30.1%) participants before filtering out 
APOBEC-signature DRMs and in 17/599 (2.8%) after filtration. 
Major PI and InSTI DRMs were detected in 79/599 (13.2%) and 
73/599 (12.2%) participants, respectively, considering the non- 
filtered dataset. The number of participants with DRMs in the 

Jaha et al.

2326

http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad240#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad240#supplementary-data


latter drug classes dropped substantially after filtration of 
APOBEC-signature DRMs with 8/599 (1.3%) for PI DRMs and 
3/599 (0.5%) for InSTI DRMs.

To determine differences between DRM carriers and non- 
carriers within the drug classes, we applied statistical tests on 
the aforementioned characteristics, with consistent stratification 
(Tables S3–S6). For NRTI DRMs, no differences were observed re-
garding age, sex, HIV-1 transmission group, year of sample col-
lection (Figure 3a), therapy status, HIV-1 subtype, CD4+ T cell 
count and percentage of lymphocytes. After removing 
APOBEC-signature NRTI DRMs, the number of samples with de-
tected NRTI DRMs dropped substantially from 249 to 99 
(39.8%). Sex, HIV-1 transmission group and therapy status 
remained statistically insignificant. We observed a longer time 
on ART for NRTI DRM-carrying individuals in both analyses 
(P < 0.001, P < 0.001). Regarding ethnicities, both analyses re-
vealed higher proportions of unknown ethnicity in NRTI DRM car-
riers while black ethnicity was found to be less prevalent in the 
APOBEC-filtered dataset for the NRTI DRM carriers (P = 0.003, 
P < 0.001; Table S3). Most NRTI DRM carriers, before and after fil-
tering, started ART before 2000. Additionally, the participants 
with a detected NRTI DRM after applying the filtering algorithm 
showed more advanced age (P = 0.013), earlier sample collection 
(P < 0.001; Table S3 and Figure 3a), a significantly higher 

proportion of HIV-1 subtype B (P = 0.001) and lower absolute 
and relative CD4+ T cell count (P < 0.001; t-test, P = 0.001).

Regarding NNRTIs, there was no difference between NNRTI 
DRM carriers and non-carriers in age, sex, ethnicities, HIV-1 trans-
mission group, therapy status, HIV-1 subtype and the time of ART 
(Table S4). Nonetheless, the data revealed significant differences 
in the year of sample collection (P = 0.003; Table S4, Figure 3a), 
which was later in NNRTI DRM carriers, and absolute (P = 0.014) 
and relative CD4+ T cell count (P = 0.05), which was higher in car-
riers. We again applied our filtering algorithm to investigate the 
impact of APOBEC3G/F-related G-to-A-mutations. Along with the 
number of samples with detected NNRTI DRMs decreasing by 
76.5% (from 255 to 60), we observed fewer differences between 
the two groups. Additionally, for age, sex, ethnicities, HIV-1 trans-
mission group, therapy status, HIV-1 subtype and the time of 
ART, as in the previous analysis, there was no difference between 
NNRTI carriers and non-carriers regarding absolute and relative 
CD4+ T cell count nor in viral load. Nevertheless, NNRTI carriers 
after filtering out APOBEC-signature DRMs showed a later year 
of sample collection (Table S4).

For PIs, we did not find significant differences between PI DRM 
carriers and non-carriers in age, sex, ethnicities, HIV-1 transmis-
sion group, year of sample collection (Figure 3a), therapy status, 
HIV-1 subtypes and absolute as well as relative CD4+ T cell count. 

Figure 1. Characteristics of participants and blood specimens associated with successful or failed amplification and NGS of HIV-1 DNA. (a) Longitudinal 
distribution of the blood specimens stratified by outcome of amplification and NGS, showing resilience to temporal factors. (b) Significant difference in 
CD4+ T cell count, and (c) isolated DNA concentration from blood specimen. Mann–Whitney U: **, P < 0.01; ****, P < 0.0001.
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Nonetheless, lower viral load (P = 0.01) and longer time on ART 
(P = 0.005, Table S5) was shown to have an impact on the preva-
lence of PI DRMs.

In Table S6 we reviewed the characteristics of InSTI DRM car-
riers. While statistical tests did not reveal significant difference in 
terms of age, ethnicity, HIV-1 transmission group, year of sample 
collection (Figure 3a), therapy status, HIV-1 subtype, CD4+ T cell 
count or duration of ART, InSTI DRM carriers were shown to differ 
from non-carriers regarding sex, with lower prevalence of women 
(P = 0.01) and higher viral load (P = 0.012). A high proportion of 
the InSTI DRM carriers were male (82.2%, 60/83).

Discussion
Our results demonstrate a method that successfully amplifies 
near full-length HIV-1 proviral DNA in a diverse population, en-
compassing a variety of HIV-1 subtypes. Furthermore, it allows 
analysis of DRMs affecting the most frequently used drugs in 
ART in a high proportion of the virologically suppressed and un-
suppressed individuals using designated state-of-the-art bio-
informatics tools.

Conventional GRT relies on circulating viral RNA and most of-
ten only targets specific genes in the HIV-1 pol using population- 
based Sanger sequencing.11,36 Here we describe a method that 
uses the highly conserved long-terminal repeats (LTRs) as PCR pri-
mer binding sites, opening a gate to near full-length HIV-1 
provirus sequencing information, particularly in a population 
of mostly ART-experienced and virologically suppressed indivi-
duals.37 Applying this method, we successfully amplified and 

sequenced near full-length HIV-1 genomes in PBMCs from 681/ 
962 (70.8%) HIV-1-infected individuals. We found several factors 
associated with successful sequencing of near full-length HIV-1 
proviruses. One of them was the significantly lower CD4+ T cell 
count in individuals from whom amplification and sequencing 
of HIV-1 proviral DNA succeeded. A possible cause for failure of 
sequencing might therefore be the decay of the viral reservoir 
and the recovery of the CD4+ T cells to higher numbers over 
time under long-term successful ART.38–40 Particularly in untreat-
ed patients, the viral genome is not only present in a state of in-
tegrated proviral DNA, but also to a substantial extent as 
non-integrated DNA, which can be amplified by this method, 
enhancing the yield of the PCR. Further, we observed a signifi-
cantly lower concentration of isolated DNA from PBMC samples 
that failed sequence acquisition compared with those that 
were successful. Considering that our final protocol requires a 
fixed volume instead of a fixed amount of template DNA, this 
might have led to insufficient PCR input in a small number of 
cases. These points would be mandatory to consider for imple-
menting our assay for diagnostic purposes. Another reason for 
unsuccessful amplification is the presence of deletions occur-
ring naturally in proviral DNA that could lead to inability of pri-
mer binding.30,31

The commercialization of NGS platforms leads to rising avail-
ability with affordable application of NGS in daily clinical care and 
treatment.36 This moves GRT of near full-length HIV-1 proviral 
DNA into focus within the field of drug resistance monitoring 
and it is necessary to understand the relevance of proviral DNA 
in drug resistance.12–14 Coupled with MinVar, information about 

Table 2. List of all observed major DRMs in HIV-1 pol of the 331 participants with at least one detected DRM

Protease
D30N V32I M46I M46L I54V V82A N88S N88T L90M

53 2 55 2 2 3 1 2 4

Reverse transcriptase
M41La E44A E44D A62V K65R D67Ea D67Na D67Ta T69Db T69Ib K70Ra L74V

46 2 8 3 1 4 47 1 3 3 30 5
V75I V75M F77L A98G K101E K103N K103S V106A V108I F116Y E138A E138K

8 1 1 5 2 13 1 1 7 1 22 85
E138Q Q151Mb V179D V179E Y181C M184I M184V G190A G190E G190S L210Wa

1 1 8 3 1 181 19 1 19 2 17
T215Aa T215Ca T215Da T215Ea T215Fa T215Ia T215La T215Sa T215Ya K219Ea K219Qa

1 4 11 2 3 1 2 5 44 4 10

K219Ra H221Y M230I Y318F N348I
1 3 210 1 3

Integrase
T66A G118R E138A E138K G140S Q148H N155T

1 1 1 50 37 2 1

Detected mutations encoded in the format: WT amino acid—position—mutated amino acid. The numbers below the mutations indicate the total 
number of detected mutations. In the RT region, mutations written in italicized letters represent NRTI , whereas mutations underlined represent 
NNRTI mutations in the RT gene. Highlighted mutations represent mutations caused by G-to-A changes in the nucleotide sequence, of which those 
in bold represent APOBEC-context mutations. 
aTAMs, thymidine analogue mutations. Selected by ZDV and d4T; facilitate primer unblocking. Non-TAMs prevent NRTI incorporation.24

bMulti-drug resistance mutations. T69 insertions occur with TAMs. Q151M occurs with non-TAMs and the accessory mutations A62V, V75I, F77L and F116Y.24
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Figure 2. Longitudinal distribution of the 599 participant samples. Bar plot representation of the annual absolute number of participants in the observation 
period between 1995 and 2018 with any detected DRMs (n = 331, blue or red) and any DRMs that do not match the APOBEC-induced G-to-A signature (n = 145, 
blue). Patients without DRMs are shown in grey (n = 268). The frequencies of any DRMs (dark blue dotted line, right y-axis) as well as any non-APOBEC-signature 
DRMs (dashed line) are shown. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

Figure 3. Prevalence of DRMs and differences between drug classes. Box plot representing the IQR and median of the samples with detected DRMs 
according to drug classes. The projected dots on each according box plot represent one sample in each category. Trends can be observed for the higher 
number of DRM-harbouring samples to PIs, NNRTIs and InSTIs in later years in comparison to DRMs to NRTIs (a). The prevalence for at least one DRM 
affecting the different drug classes has been estimated and visualized by dots (APOBEC-filtered) and triangles (non-filtered), which are flanked by error 
bars depicting the 95% CI, for each year for APOBEC-signature-DRM-filtered (solid line) and non-filtered samples (dotted line), respectively (b). This 
figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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clinically relevant DRMs is presented in formatted reports that 
are easily interpreted by clinicians for routine use.22 In addition, 
generated NGS information could not only be used for treatment 
adjustment in individuals but also for studies focusing on the 
understanding of transmission patterns and networks, 
intra-host evolution and viral reservoirs—the main hurdles to 
HIV cure.16

Mutations in the HIV-1 genome can usually be traced back to 
its own error-prone viral RT.41 However, there are known cellular 
factors contributing to the induction of mutations. APOBEC3G/ 
F-mediated G-to-A mutation is a known cellular host defence 
mechanism in retroviral infections, also known under the term 
of hypermutation.42 The most abundantly found DRMs in our co-
hort are all listed in the APOBEC-signature mutations list of the 
Stanford HIV-1 database.24 Since the mutagenic step in this 
mechanism is restricted to the cDNA, proviral DNA is more prone 
to harbouring these mutations compared with plasma RNA.43

High rates of hypermutations have been shown to cause restric-
tion of HIV-1 replication by introduction of stop codons or frame-
shift mutations, thus leading to defective proviruses and 
consequently neglectable for analysis of drug resistance.17,42 In 
single-cell based assays, GRT is possible due to discrimination 
of replication-competent viruses from potentially hypermutated 
and defective viruses; however, in an NGS-based bulk PCR ap-
proach, such as presented in this study, this discrimination would 
have to be performed on the read level, so as to avoid overcorrec-
tion by exclusion on a per-mutation basis.

The results of our study showed significant variations in the 
prevalence of DRMs among the different commonly used drug 
classes in ART. The accumulation of DRMs through longer drug 
exposure seems intuitive, especially when patients were exposed 
to historic ART regimens with low potency and/or low genetic bar-
rier to resistance or high toxicity, which can result in adherence 
problems and insufficient viral suppression.44 Markedly, NRTI 
and NNRTI DRMs, the two most commonly used drugs in first-line 
ART throughout the past two decades, were detected in high 
abundance, with a large proportion of DRMs matching the 
APOBEC signature. Alongside the widespread use in clinical 
care, the preferential target of the RT by APOBEC might also con-
tribute to this finding.45 Filtering out the APOBEC-signature DRM 
provided a more intuitive interpretation of the results regarding 
NRTIs and NNRTIs. In particular, the higher CD4+ T cell count in 
NNRTI DRM carriers was difficult to comprehend. For NRTI DRM 
carriers, the opposite effect was observed, indicating potential 
immune suppression through viral replication.

The retrospective nature of this study delivers a range of dif-
ferent variables to analyse. However, the conjointly harboured 
heterogeneity has limitations in the interpretation of the data. 
The relatively small sample size when looking at specific aspects, 
e.g. ART status and viral load, limits the statistical significance of 
tests and models. Further, having access to previous GRT data of 
the participants would have been of interest to evaluate differ-
ences between HIV-1 RNA- and DNA-oriented approaches in 
the same individuals. The interpretation of APOBEC-signature 
DRM in the context of proviral DNA poses a major challenge in 
studies using HIV-1 DNA as a target. This challenge applies also 
to our study. Our method to filter out APOBEC-signature DRM ad-
dresses the need for elaborated bioinformatic tools to analyse 
proviral HIV-1 sequences.

Conclusions
To conclude, our results represent a reliable GRT method that suc-
cessfully amplifies, sequences and analyses near full-length 
HIV-1 genomes, using HIV-1 proviral DNA from PBMCs as a tem-
plate in the majority of a demographically and clinically diverse 
population of ART-naive, ART-experienced and virologically sup-
pressed HIV-1-infected individuals. Although uncertainties about 
the interpretation of NGS data based on HIV-1 proviral DNA exist, 
emerging data from sequences like ours offer potential insights 
for a more comprehensive analysis, best combined with desig-
nated bioinformatics tools, to elicit clinical significance of muta-
tional changes in HIV-1 proviral DNA. Particularly in long-term 
suppressed ART patients, GRT in proviral DNA might offer guid-
ance to clinicians considering treatment simplification in the fu-
ture.46 Future large-scale studies, most optimally with 
prospective or longitudinal character, are needed, firstly to deter-
mine the differences between the predictive value of HIV-1 RNA 
and DNA sequences, secondly to understand the importance of 
possible resulting differences for viral behaviour, and thirdly to in-
vestigate the clinical implications and applications of proviral 
DNA GRT.
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